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Among the several types of conjugated polymers used in recent investigations, polythiophene and its derivatives
have attracted considerable attention over the past 20 years due to their high mobility and other remarkable
solid-state properties. They have potential applications inmany ﬁelds, such asmicroelectronic devices, catalysts,
organic ﬁeld-effect transistors, chemical sensors and biosensors. There are two critical parameters that deter-
mine the polymer-based device performance: chemical structure and nanostructure of the conjugated polymer
in solid state. Langmuir–Blodgett (LB) ﬁlms may be an interesting alternative for producing the ﬁlms used in the
devices since they can be obtained with high degree of thickness control, low number of defects, and some de-
gree of organization at the molecular scale. However, most of the polythiophene derivatives have poor ﬁlm
forming properties by LB method and need the use of ﬁlm form aiding materials. In this work, we report
on the fabrication and characterization of Langmuir and Langmuir–Blodgett ﬁlms of neat poly(3-hexylthio-
phene). Although the LB technique is not suitable to obtain LB ﬁlms with a great number of layers, good
quality ﬁlms, with thicknesses suitable for fabrication of opto-eletronic devices could be easily built by
using the proper deposition conditions.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
The Langmuir–Blodgett (LB) technique has been attracted atten-
tion as a possible method to prepare ordered ultra thin ﬁlms with
well-deﬁned architecture and also as a way for buildingmolecular de-
vices [1–3]. Conjugated polymers are materials with unique optical
and electrical properties extensively investigated for the fabrication
of such devices [4]. Organic devices produced from LB technique
have superior performance due to the anisotropy of the ﬁlms [5].
Among of organic materials, the polythiophenes are well-known
polymers that exhibit good thermal and environmental stability
[6,7]. Devices made from polythiophenes have been used as light
emitting diodes, solar cells, sensors, photoelectric and electrochromic
devices, optical switches, etc. [8]. The introduction of alkyl side chains
at the 3-position of the thiophene rings generated the most studied
polythiophene derivatives namely poly(3-alkylthiophenes) (P3ATs).
Attempts to produce neat P3ATs LB ﬁlms generally failed because
the polymers do not form stable Langmuir ﬁlms at the air-water
that could be transferred to solid substrates with a suitable quality
[9–11]. Some authors show that the transferability of the P3ATs LB
ﬁlms could be improved by using ﬁlm-forming aiding materials
such as long chain fatty acids. Other authors used liquid crystals to
improve the ﬁlm formation and transferability [9,12–14]. However,
these methods could result in deterioration of electrical properties
of these mixed ﬁlms, making not viable the use of these ﬁlms in or-
ganic devices [15]. In this work, we report on the fabrication and
characterization of Langmuir and Langmuir–Blodgett ﬁlms of a neat
P3AT, the poly(3-hexylthiophene) (P3HT). Although the LB technique
is not suitable to obtain LB ﬁlms with a great number of layers, good
quality ﬁlms, with thicknesses suitable for fabrication of opto-
electronic devices could be easily built by using the proper deposition
conditions.
2. Experimental details
The P3HT was synthesized via oxidative polymerization using ferric
trichloride under nitrogen atmosphere. Solid FeCl3 (12 mmol) was
added by a powder addition funnel to the 3-hexylthiophene (3 mmol)
dissolved in 4.6 mL of CH3NO2, with the mixture being kept under
stirring. Chloroform (30 mL) was added and the resulting mixture
was stirred for 4 h and then the reaction was quenched by pouring
into 1 L of methanol. The solid polymer was dissolved in chloroform
and insoluble products were removed by ﬁltration. The soluble frac-
tion was treated with aqueous ammonia solution (28%) and 0.05 M
Ethylenediaminetetraacetic acid for dedoping. Further, the chloro-
form layer was concentrated to a small volume and the dedoped
polymer was precipitated into methanol.
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The Langmuir ﬁlms were fabricated by spreading a solution of
P3HT in chloroform (0.2 mg/ml) onto ultra pure water subphase
(Millipore Milli-Q system resistivity 18.2 MΩ cm−1) in a KSV 5000
Langmuir trough. All experiments were conducted using a barrier
speed of 10 mmmin−1 at room temperature (23 °C). π–A isotherm
was recorded with a Wilhelmy plate provided by KSV. The molecular
weight of the polymer repeating unit (166 g/mol) was adopted for all
area calculations. LB ﬁlms were produced by transferring neat P3HT
Langmuir ﬁlms onto one of the following substrates: glass, glass coated
with indium tin oxide (ITO) and interdigitated electrodes of chromi-
um–gold array. Z-type LB ﬁlms were transferred at a surface pressure
of 30 mN m−1 with a dipping speed of 0.5 mmmin−1 for the up-
stroke and 20 mm min−1 for the downstroke. The substrate size
was 200 mm2. The transfer ratio (TR) for the 1-layer LB ﬁlms was
ca. 0.8 in the upstrokes. In an attempt to prepare multilayer LB
ﬁlms, the TRs in the upstrokes were 0.8, but decreases signiﬁcantly
after the third layer and the downstrokes TRs values were around
0.1. UV–visible absorption measurements were carried out in a
Hitachi U-2001 spectrophotometer in the range between 350 and
800 nm. For the conductivity measurements a 2 layer LB ﬁlm of
P3HT was deposited on a glass substrate coated with an interdigitat-
ed chromium–gold array, whose fabrication is described in detail
elsewhere [16]. For electrical measurements on sandwiched conﬁgu-
ration, the device made with a LB ﬁlm of P3HT was fabricated as fol-
lows: a 1-layer LB ﬁlm was deposited onto ITO that had been
previously cleaned according to the procedures of ref. [17]. A
90 nm thick Al cathode was vacuum evaporated (1.3×10−4 Pa) on
top of the LB ﬁlm, leading to a ﬁnal structure ITO/P3HT/Al, and with
an active area for the devices of 0.12 cm2. The electrical characteriza-
tions were carried out using a Keithley 238 (High Source Voltage
Unit) at room temperature.
3. Results
Fig. 1 shows the π–A isotherm of pure P3HT ﬁlm. At a surface pres-
sure of ca. 60 mNm−1, the ﬁlm “collapsed”, being visually cracked. The
extrapolated area was approximately 2 Å2 per repeating unit for the
condensed phase in the π–A isotherm, calculated using the molecular
weight of the polymer-repeating unit. This calculated area indicates
that P3HT did not form a true monolayer, but probably a multilayer.
The polymer molecular arrangements in the air–water interface can
change upon compression from rods to coils, for example, or parts of
the main-chains or side-chains can fold to form the multilayers. This
does not affect the ﬁlms homogeneity, which do not show cracks or
the formation of strips, typical of collapsing of monolayers of amphi-
philic low molecular weight molecules. During the spreading of poly-
mers solution, the formation of islands separated by blank open
water areas could be observed, indicating that the polymer tends to
aggregate and form pieces of ﬁlms even before the compression
starts. By carefully spreading, avoiding cracking too much the al-
ready formed ﬁlm pieces, a uniform highly colored ﬁlm was formed
at the air–water interface upon compression, with quite reproduc-
ible surface pressure isotherms. This ﬁlm is easily transferable to
solid substrates by vertical dipping to form Langmuir–Blodgett
ﬁlm. As the ﬁlm already form a multilayer in the air–water interface,
the deposition of several layers is not necessary to achieve a suitable
thickness required for fabrication opto-electronic devices, which usual-
ly requires active layers with less than 100 nm. Langmuir–Blodgett
ﬁlms with one layer were produced by the substrate emersion and
the layer thickness was about 80 nm as determined by proﬁlometry,
conﬁrming that the ﬁlm formed was not a monolayer but a multilayer.
Because of the high thickness, no attempts were made to deposit ﬁlms
with more than 2 layers.
To infer about some molecular arrangement induced by the ﬁlm
compression or by the vertical dipping deposition, the polarized ab-
sorption spectra of a 1-layer LB ﬁlm from P3HT deposited onto hydro-
phobic glass were recorded and are displayed in Fig. 2. Two
polarizations of the incident light were used, viz. parallel (A//) and
perpendicular (A⊥) to the dipping direction. The absorption band
with maximum at ca. 470 nm is related to transitions between delo-
calized π–π* states. UV–visible absorption due to conjugated seg-
ments is very sensitive to the direction of polarization of an incident
light, which enables the use of polarized light to probe structural
ﬁlm anisotropy [18]. The dichroic ratio (A///A⊥) taken at the maximum
of the π–π* band was ca. 1.2 for the single layer P3HT LB ﬁlm, denoting
ﬁlm anisotropy. It is possible to note that the wavelength of maxi-
mum absorption for parallel and perpendicular polarized light are
not the same (480 nm and 450 nm), this behavior is observed in
highly oriented conjugated systems [19]. Bolognesi et al. observed
anisotropy in LB ﬁlms of polythiophene derivatives with a dichroic
ratio of 1.5 for a single layer LB ﬁlm of poly(3-decylmethoxythio-
phene) [20,21].
The I vs. V characteristic of ITO/P3HT(LB)/Al structure in forward
bias was investigated, Fig. 3(a), showing a rectifying behavior of the
IV curve. This characteristic is due to the different work functions of
the electrodes implying different barrier at the interfaces (anode/
polymer and polymer/cathode). The rectifying factor of the current
at ±1.5 V is about 4.7×103. The barrier height for hole injection into
the highest occupied molecular orbital through the ITO/P3HT interface
can be estimated using Fowler–Nordheim (FN) [22] model for tunneling
injection using FN plot (Fig. 3(b)). This model predicts that when ﬁeld
emission dominates, the I–V characteristics are described by
I∝F2 exp − k
F
 
ð1Þ
Fig. 1. π–A isotherm for neat P3HT spread onto ultrapure water.
Fig. 2. UV–vis spectra of a single layer of P3HT LB ﬁlm in polarized light (//— parallel to
the dipping direction and ⊥ — perpendicular to the dipping direction).
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where I is the current, F is the electrical ﬁeld, and k is a parameter that
depends on the metal/polymer contact and on the shape of the barrier.
For a triangular barrier, k is given by:
k ¼
4
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2meff
q
ϕ
3
2
3eℏ
ð2Þ
whereϕ the barrier height,meff is the effectivemass of the holes injected
in the polymer layer, e is the electron charge, and, ℏ=h/2π h being the
Planck constant. From the slope of the straight part of FNplot, it is possible
to estimate the barrier height in this region. The value obtained is about
ϕ=30m eV. This result is lower than the values obtained in the literature
Φ~50 meV for P3HT spin-coating ﬁlms [23], probably due to the ﬁlm
preparation technique (LB) that can provide a more homogeneous ﬁlm
and the ﬁlm anisotropy.
A parallel contact schemewas used for photoconductivity measure-
ments with 2 layers of P3HT LB ﬁlm deposited onto an interdigitated
electrode. Fig. 4 shows the I vs. time curve (applied voltage — 5 V) for
this conﬁguration. In this curve it is possible to observe the enhance-
ment of P3HT conductivity, when illuminated with a halogen lamp
(~150 mW/cm2). The photoconduction effect is clear since the conduc-
tivity increases from3.5×10−12 S/m to 1.6×10−11 S/m. The IV curve of
the device in the darkwas linear and showed the ohmic behavior (curve
not shown). The growth and decay process seem to show the exponen-
tial behavior. The photoconductivity is consistent with the electronic
structure of conjugated polymers in terms of semiconducting band
model, indicating photogeneration of free carrier via interband transi-
tion. This kind of behavior is consistent to the persistent photoconduc-
tivity, since the slow decay of the photoconductivity when the light
is off is present. After a fast initial decay, the excess of photoinduced
carriers approaches the equilibrium dark value with a higher rate of
decay. Similar effect was observed earlier for poly-(p-phenylene-
vinylene), PPV, samples [24]. In this case, the photoconductivity is prob-
ably caused by the diffusion of photodegenerated bipolarons to the sur-
face where they dissociate into polarons, increasing the conductivity of
the P3HT LB ﬁlm. The P3HT LB ﬁlms prepared under same conditions
showed equal photoconduction behavior, indicating that this property
is reproducible.
4. Conclusion
The fabrication and characterization of neat P3HT LB ﬁlms were de-
scribed and these ﬁlms could be use in organic electronic devices. These
ﬁlms present a degree of optical anisotropy since the chains appear to
be aligning in the dipping direction. The electrical measurements dem-
onstrated the semiconductor characteristic of P3HT ﬁlm, and in the
sandwich conﬁguration it was estimated the hole barrier height by
the Fowler–Nordheim theory. This value seems to be lower than
those reported by other researchers, which is attributed to the ﬁlm
preparation technique (LB) that can provide a more homogeneous
ﬁlm and the ﬁlm anisotropy. Finally, dc electrical measurements for
P3HT ﬁlms deposited onto gold interdigitated electrodes revealed an
ohmic behavior with conductivity in dark of about 3.5×10−12 S/m
and the photoconductivity effect. Although the P3HT did not form a
true monolayer at the air–water interface, and at principle, a great
number of layers cannot be transferable to solid substrates, the deposi-
tion of one or two layers is already sufﬁcient to produce pure P3HT LB
ﬁlms with suitable thicknesses for building organic electronic devices.
Acknowledgments
The authors are grateful for the ﬁnancial support of CNPq, FAPESP,
INEO/CNPq and LNLS (Brazil) for providing interdigitated electrodes
(project LMF 11325).
References
[1] G. Wegner, Thin Solid Films 216 (1992) 105.
[2] J.R. Heath, Annu. Rev. Mater. Res. 39 (2009) 1.
[3] P. Leclere, M. Surin, P. Brocorens, M. Cavallini, F. Biscarini, R. Lazzaroni, Mater. Sci.
Eng. R-Rep. 55 (2006) 1.
[4] A. Pron, P. Rannou, Prog. Polym. Sci. 27 (2002) 135.
[5] C.A. Olivati, M. Ferreira, T. Cazati, D.T. Balogh, F.E.G. Guimaraes, O.N. Oliveira, R.M.
Faria, Chem. Phys. Lett. 381 (2003) 404.
[6] V.C. Goncalves, M. Ferreira, C.A. Olivati, M.R. Cardoso, C.R. Mendonca, D.T. Balogh,
Colloid Polym. Sci. 286 (2008) 1395.
[7] V.C. Goncalves, L.M.M. Costa, M.R. Cardoso, C.R. Mendonca, D.T. Balogh, J. Appl.
Polym. Sci. 114 (2009) 680.
[8] J. Roncali, Chem. Rev. 92 (1992) 711.
[9] V.V. Arslanov, Russ. Chem. Rev. 69 (2000) 963.
[10] I. Watanabe, K. Hong, M.F. Rubner, Langmuir 6 (1990) 1164.
[11] G.F. Xu, Z.A. Bao, J.T. Groves, Langmuir 16 (2000) 1834.
[12] M. Rikukawa, M. Nakagawa, K. Ishida, H. Abe, K. Sanui, N. Ogata, Thin Solid Films
284 (1996) 636.
[13] M. Rikukawa, Y. Tabuchi, K. Ochiai, K. Sanui,N. Ogata, Thin Solid Films 327 (1998) 469.
[14] J.Z. Niu, G. Cheng, Z.H. Li, H.Z. Wang, S.Y. Lou, Z.L. Du, L.S. Li, Colloids Surf. A 330
(2008) 62.
[15] J. Paloheimo, P. Kuivalainen, H. Stubb, E. Vuorimaa, P. Ylilahti, Appl. Phys. Lett. 56
(1990) 1157.
[16] C.A. Olivati, R.F. Bianchi, F.M. Marconi, D.T. Balogh, R.M. Faria, Mol. Cryst. Liq.
Cryst. 374 (2002) 451.
[17] A. Marletta, E. Piovesan, N.C. de Souza, C.A. Olivati, D.T. Balogh, N.O. Dantas, R.M.
Faria, O.N. Oliveira Jr., J. Appl. Phys. 94 (2003) 1.
[18] M. Rikukawat, M.F. Rubner, Langmuir 10 (1994) 519.
[19] T. Danno, J. Kurti, H. Kuzmany, Phys. Rev. B: Condens. Matter Mater. Phys. 43
(1991) 4809.
[20] A. Bolognesi, G. Bajo, D. Comoretto, P. Elmino, S. Luzzati, Thin Solid Films 299
(1997) 169.
[21] A. Bolognesi, F. Bertini, G. Bajo, A. Provasoli, D. Villa, O. Ahumada, Thin Solid Films
289 (1996) 129.
[22] S.M. Sze, Physics of Semiconductor Devices, Wiley, New-York NY, 1981.
[23] M. Al-Ibrahim, H.-K. Roth, U. Zhokhavets, G. Gobsch, S. Sensfuss, Sol. Energy
Mater. Sol. Cells 85 (2005) 13.
[24] C.H. Lee, G. Yu, A.J. Heeger, Phys. Rev. B: Condens.MatterMater. Phys. 47 (1993) 15543.Fig. 4. Photoconductivity spectra of 2-layer P3HT LB ﬁlm.
Fig. 3. (a) I–V characteristic and (b) Fowler–Nordheim plot for ITO/P3HT/Al in forward
bias.
2210 C.A. Olivati et al. / Thin Solid Films 520 (2012) 2208–2210
